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Bacterial active efflux pumps: a lifestyle 



For surviving in hostile 
conditions, or for conquering 
new territories, bacteria need to 
have some control over their 
immediate environment. In 
particular, most possess the 
capacity to reject foreign 
molecules that would have 
produced serious damage by 
intracellular penetration 
(antibiotics and biocides, for 
example). In addition, pumps 
can extrude poorly diffusible or 
toxic endogenous molecules 
from the cytosol. These pumps, 
or active efflux systems, are 
substrate transporters requiring 
energy generated by adenosine 
triphosphate (ATP) or proton 
motive pumps for their function. 
Several dozen bacterial pumps 
have been described so far, 
belonging to five superfamilies 
as described in Figure 1 and 
Table 1. The major facilitation 
and ATP-binding cassette 
superfamilies cross the 
prokaryote/eukaryote borders. 

Efflux pumps 

The pump is a protein inserted 
into the cytoplasmic 
membrane, often composed of 
12 transmembrane domains 
(Figure 2, page 3). It has been 
proposed that the tertiary 
structure includes two similar 
channels, each made from six 
transmembrane domains, 
allowing bi-directional crossing: 
one proton getting in, one 
substrate molecule getting out 
(anti-port). In Gram-negative 
bacteria, which possess two 
membranes, the pump molecule 
has to contain a porin structure 
in the outer membrane and a 
fusion periplasmic protein 
joining the two membranes 
(Figure 3, page 3). 




Figure 1: Classes of active efflux systems in bacteria: major 
facilitation superfamily (MFS) or small multidrug resistance 
(SMR)[1J; multiple antimicrobial extrusion (MATE) [2]; ATP 
binding cassette (ABC) [3]; resistance nodulation 

division (RND)[4J. 



Table 1: Examples "of- active efftu* systems, classified into superfamilies 


. Efflux ; 

superfamily 


Typicaj example ; : 
: : (bacterial species) 


Antibiotic 
substrate profile : : 


Maictrfealito^n;!::;;;: 
: supei^irHpijr; 1 = = = ^ 

jCaSSette (ABC) ; ::: ::: 
SriiaH: multidrug:::^::::: 

;^is&rice{SMR);;:;:;^ 
: Multiple antimicrobial: ; 


! :NorA : {StaphyhcdCcus . 

::;d^U^::::;:;::::::::;;::;:::: 

:::MrsA(S.;oureus) 

: : : EmrE: {Escherichia COff): : 
:YdhE(£cdff). 


. : Quinotones, chloramphenicol : 

::MacrolideS::::::::::::::;:::::::::-:: : :: 

1 : fTVatf-acycline 


Resistance: nodulation ■ 
:<J|yisian;(F^D)! iiiiiiiii; 


Multidrug efflux ; :; : : 


■ ■ Host p-bctanns, quino lories; ; : 
; : *e^<yclin«i;macixrff <fes;; 
: : chloramphenicol, rifampin, :;:;;; 
: : ^me^oprimisuifonamidesi: ; j ■ 


. • fustdicacid 


: A-TP, Adenosine tripSlOtphateJ ::::::::::: 



The function of efflux 
systems 

Active efflux systems can serve 
several functions. In 
Pseudomonas aeruginosa, 
efflux systems have been 
associated with virulence, since 
efflux deficient mutants exhibit 
diminished capacity for 
invasion in experimental 



models. 1 Multidrug efflux 
transporter F (MexF) in 
P. aeruginosa contributes to 
quorum-sensing regulation 
affecting secretion of virulence 
factors. 2 Export of toxins or 
locally produced antibiotics are 
also possible functions. 3 ' 4 A very 

continued on page 3 
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important function is intrinsic 
and acquired antibiotic 
resistance. Most antibiotic 
classes can be affected by efflux, 
as shown in Table 1. In Gram- 
negative bacteria, activation or 
repression of efflux systems, 
such as those belonging to the 
resistance nodulation division 
(RND) family, can produce 
troublesome multi-resistant 
phenotypes. Of particular 
concern is the fact that one 
substrate can select resistance 
to structurally unrelated 
antibiotics. Quinolones for 
example can select for 
carbapenem resistance. 5 Since 
some efflux include biocides in 
their substrate spectrum, 6 
biocides can induce antibiotic 
resistance, at least in vitro, but 
the molecular basis of such large 
substrate profiles is not fully 
understood. It has been 
proposed that the pump may 
recognize amphophilic 
molecules, the hydrophobic 
moiety being inserted into the 
cytoplasmic membrane. The 
recent recognition, however, that 
aminoglycosides could be efflux 
substrates does not fit with this 
view. 7 Wthin a given antibiotic 
class, all molecules are not 
similarly affected by efflux 
resistance. For example, PmrA 
in Streptococcus pneumoniae 
extrudes ciprofloxacin about 
eight times more efficiently than 
moxifloxacin or gatifloxacin. In 
P aeruginosa,) meropenem but 
not imipenem is a substrate of 
the MexB pump. In streptococci, 
macrolide resistance by efflux is 
limited to 14- and 15-membered 
compounds. Efflux mechanisms 
in general, confer a low to 
moderate level of resistance 
(1- to 64-fold increase in minimal 
inhibitory concentration), 8 
which is not necessarily 
clinically significant, particularly 
in Gram-positive organisms. 
Efflux resistance is also often 
associated with other resistance 
mechanisms, such as 
topoisomerase mutations in the 
case of quinolones, or outer 
membrane permeability 
alterations with the 
carbapenems. Efflux activation 
may allow delayed entry of 
antibiotic molecules, providing 



more time for selection of a 
second resistance mechanism 
Many efflux genes are located on 
the bacterial chromosome, but 
others, such as let transporters, 
are found on plasmids. 

Future developments 

Active ongoing research is trying 
to develop anti-efflux strategies 
that will allow circumvention of 
efflux resistance and restoration 
of wild-type susceptibility, a 
strategy already used 
successfully with (J-lactamase 
inhibitors. A number of 
compounds, for example 



reserpine, omeprazole or 
phenothiazines, exert their 
inhibitory properties against 
both prokaryotic and eukaryotic 
efflux systems, limiting their 
clinical potential as pump 
inhibitors. More specific 
compounds are, however, under 
investigation, 9 including 
tetracycline derivatives directed 
against let transporters, 
flavonolignans (natural 
alkaloids) active against NorA in 
Staphylococcus aureus, and an 
exciting series of small peptide 
inhibitors of RND transporters in 
P aeruginosa.™ % 




Figure 2: Two-dimensional model of a resistance nodulation 
division pump, with 12 transmembrane domains. This is thought 
to form two channels, one for the entry of a proton providing the 
energy, and the other for extrusion of the substrate molecule. 11 
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Figure 3: Model of the resistance nodulation division pump. 
Substrate amphophilic molecules (hydrophobic moiety in green), 
coming either from the outside or from the cytosol, are extracted 
from the cytoplasmic membrane by the pump. 12 




Jean-Claude Pechere 
Universities of Geneva and 
Marrakech 
President of the ISC 



References 

1. Hirakata Y, Srikumar R, Poole K, 
Gotoh N, Suematsu T, Kohno S et at. 
Multidrug efflux systems play an 
important role in the invasiveness of 
Pseudomonus aeruginosa. J Exp 
Afe(/2002; 196: 109-118. 

2. Kohler T, van Delden C, Curty LK, 
Hamzehpour MM, Pechere JC. 
Qverexpression of the MexEF-OprN 
multidrug efflux system affects cell- 
to-cell signaling in. J Bacteriol 2001; 
183: 5213-5222. 

3. Sharff A, Fanutti C, Shi J, Calladine 
C, Luisi B. The role of the TolC 
family in protein transport and 
multidrug efflux. From 
stereochemical certainty to 
mechanistic hypothesis. Eur J 
Biochem 2001; 268: 5011-5026. 

4. Cundliffe B. Self-protection 
mechanisms in antibiotic producers, 
Ciba Found Sump 1992; 171: 
199-208. 

5. Kohler T, Michea-Hamzehpour M, 
Henze U ( Gotoh N, Curty LK, 
Pechere JC. Characterization of 
MexE-MexF-OprN, a positively 
regulated multidrug efflux system of 
Pseudomonus aeruginosa. Mot 
Microbiol 1997; 23: 345-354. 

6. Poole K, Mechanisms of bacterial 
biocide and antibiotic resistance. 
JAppt Microbiol 2002; 92 (Suppt): 
55S-64S. 

7. Aires JR, Kohler X Nikaido H, Plesiat 
P. Involvement of an active efflux 
system in the natural resistance of 
Pseudomonus aeruginosa to 
aminoglycosides. Antimicrob Agents 
Chemottter 1999; 43: 2624-2628. 

8. Lomovskaya O, Lee A, Hoshino K, 
Ishida H, Mis try A, Warren MS et at. 
Use of a genetic approach to 
evaluate the consequences of 
inhibition of efflux pumps in 
Pseudomonus aeruginosa. 
Antimicrob Agents Chemother 1999; 
43: 1340-1346. 

9. Lomovskaya O, Watkins WJ. Efflux 
pumps: their role in antibacterial 
drug discovery. Curr Med Chem 
2001; 8: 1699-1711. 

10. Renau TE, Leger R, Fiamme EM, 
Sangalang J, She M W, Yen ReluL 
Inhibitors of efflux pumps in 
Pseudomonus aeruginosa potentiate 
the activity of the fluoroquinolone 
antibacterial levofloxacin. J Med 
Chem 1999; 42: 4928-4931. 

11. Paulsen IT, Brown MH, Skurray RA, 
Proton-dependent multidrug efflux 
systems. Microbiol Rev 1996; 60: 
575-608. 

12. Nikaido H. Multidrug efflux pumps of 
Gram-negative bacteria. J Bacteriol 
1996; 178: 5353-^6859. 



3 



ON 
ON 



St 

8 

t 



o 
a 
E 

3 

CM 

X 
3 

H .i 

IS 

*J5 
c 

01) 

a 



e 

.2 
c 

CD 
> 

c 



CO 

a 




o 
a 

S 
o 

U 

-o 

u 
u 

E S 

° Z 



X 



o 
© 



.s 

*C 
.9* 

2 
■© 

>» 

■ 



u 
o 
o 

u 



M H 



On 
00 



IT3 
00 



i 



•c 

a. 
*ci 

a 

a 



.3 
1 



jo, 

o 
S 

9 
2 



a. 



s 

•a 

i 



B 
i 



a. 



y 

8 
n © 

y s 
a a 



55 



n 
o 
o 



w 
u 
o 
o 
u 



"4 



s? 



s 



a 

i 



oo 



ON 



.3 

"3L 
S 



4 

•c 

a. 



ffl 

O 
O 

u 

fl 

o 
o 

u 



w 

* 

u 

M 

u 

a 

u 

I 



H 

u 

1 

*C 

8. 

o 
o 

u 



s- 

p 



n 

m -a 
o 

° s 



» 
w 

* 

n 

u 

B? 

I 

u 



oo 



0\ 



i 

1 

i 
I 



o 
E 

3 

Cm 

s 



J3 
C 

c 

I 

D 



C 

O 

• mm 

+>> 

c 

Si- 

C 

• mm 

JS 



O 

C 

O 

a 

S 
© 

o 

C/3 



V3 

"oj 
E 

CI 



:z— o: 




w 
u « 
E5 


0.253 


0.320 






Z, 


c? 




n 








cf 


u 


u 




NH 


NH 




CH 


CH 


a 


i— 1 


1— 1 


X 


CH 


CH 


P? 


B 


P? 
U 


e? 


hi 

5 

i 

O 




Entry 


©\ 


o 



I 



oo 

I 

! 

§ 

I 

3 




WD 
C 



c 
o 

c 

> 
c 



o 

C 

O 

a 

S 
o 
U 

T5 

a> 
u 
u 

U 

On 

e 

o 

GO 



.a b 

8 --3 * 

§ 'a 
S t3"k 



a 



a 

•c 



n 
«? 

o 
a 



I 



= 
O 

o 

u 



u 

I 



X 

u 
o 

I 

u 



oo 



= 



u 

I 



X 



X 



X 



a 



© 

s „ 

a o 



i w 



O 
O 

u 



B 



00 



X 



00 



X 



o 

u 



C 
a. 



8 

i 

<? 
& 

2 
■a 
>-> 
js 



V 
S 



« 



§ 

o 



u 

M 

u 

per 

u 

9 

u 



CO 



< 
c 

4> 



.2 

i 
a 

00 



o 

a 
o 



.s 
£ 

a 

s 

s 

s 
*s 
'§ 

V 
A 

a 
a 



s 
s 



S -35 



<3 
o 



43 



8 
a 

■a 



a v 

B i 

'T 

o * 



u 

a 
s 



in 
© 



8 



•a 
fa 

-§ 
3 



CO 
I 




OX) 

c 



c 
.2 
c 

> 
a 

J3 



o 
-o 

C 
3 

O 

a 
E 

o 

U 

-o 
a> 
u 
u 

SI 

E 
o 



a 5 

is S 1 a 

5 (S =5 <§ 



<A 



X 



B 



0 



u 

* 

S3 
g 



w 



so 



a 

•■s 
•c 

v 
a. 



£ 
M 



B s 

w ® 

o Ej 

° I 



p? 

w 

* 

M 

m 

i 

u 



■as 

69 



w 
u 

H 



s 

I 



T3' 

•c 

a. 

r 



m 



W 

o 
o 
u 



m 

W 

* 

u 
6 



a 



4> 



o 
u 



4> 
X! 



.a 
a 



WD 

9 
"3 

•a 

o 



! 



a 
o 



o 

3 2 

§1 

«►« .s 
® ;s 

* a 
o 

SJ.S 



11 



si 



S 
5 



I 



.a 

s 
a 

00 



x 



o 

a 
o 



.a 



s 
o 
s 

a 

s 

a 



CI 

I 1 

"a ° 
& a. 

.a § 

o 



'53 



5 c 

o o 

v a 

8 



a 



S 
S 



u 

a 



ox 

C 



a 

o 



c 

o 
s 

4> 



s 

s 

e « 



If) 



5 

I 

I 

© 

a 
S 

H 
3 



E 



C 
o 



WD 

a 

'& 

a 



c 

.2 

e 

> 
e 

43 



Mi 

•a 
c 

3 

o 
a 

£ 
© 

U 
•a 

Si 

E 

© 




z— or 



.a n 
£ 8 1 a 

sals 



X 



n 



X 



h n ^ Tt m ^© t-- oe 



o 

a 
o 

N 

-a 

-+■» 

Cm 
O 
I- 



J3 



3 



I 

ft 

a 

"3 
"3 

1 

.a 

H 

© 

I 



a 
o 



"si- 

o 
c 
o 

N 
€ WD 

U 3 

a> a 

So 

m w 
.2 i, 

-o V 

U CI 

o -C 

g = 

ii 

-9 

it 



Differences in An Efflux Pump Bearing Strain (S. aureus 1199B) to Efflux Different 

Fluoroquinolone Antibiotics 

Bacterial strains : .S. aureus 1199 (NorA)and S .aureus 1199B (Nor A + ) were kindly 
provided by Prof G.W.Kaatz. 

Antibiotics and reserpine solution preparation : The stock solution of fluoroquinolone 
antibiotcs and reserpine were prepared by dissolving test compounds in DMSO. 

MIC Determination. Minimum Inhibitory Concentrations (MICs) were determined by 
NCCLS recommended agar dilution method 1 employing Mueller Hinton agar, Difco, 
Overnight grown culture of test strains S.aureus 1 199 ( Nor A" ) and S. aureus 1 199B ( 
Nor A + ) in Tryptic Soya Broth (TSB) were adjusted to deliver 10 4 cfu/spot using 
Denley's multipoint inoculator (Applied Quality Services, UK). Antibacterial agents 
were evaluated using 2 fold dilutions in the concentration range of 0.0125 - 50 mcg/ml in 
the absence and presence of ( 20mcg/ml) efflux pump inhibitor, reserpine. The plates 
were incubated at 35°C for 18 h. MICs were read as the lowest concentration of drug 
that completely inhibited bacterial growth. 



National Committee for Clinical Laboratory Standards. (2000). M7-A5. 5 th edn. 
National Committee for Clinical Laboratory Standards, Wayne.PA 



Table 1 MICs of fluoroquinolone antibiotics in a Nor A efflux pump bearing strain, S. 
aureus 1 199B, in the absence of and presence of the efflux pump inhibitor, reserpine. 



Antibiotics 

/LllLlL/lVJUw^ 


MIC (mcg/ml) 


T owprinc* of 

( X timeO 
In the presence of 
Reserpine 


ij. HUT cWj 

1199B (Nor 


V mtrPiis 1 1 QC/R 

( Nor A +) 

+ 

rvcserpine 
(90 mra/mn 

ILV llll/E£/ 1111 J 


Ciprofloxacin 


6.25 


0.8 


8 


Sitafloxacin 


0.4 


0.05 


8 


Norfloxacin 


12.5 


3.12 


4 


Clinafloxacin 


0.2 


0.05 


4 


Gemifloxacin 


0.2 


0.05 


4 


Levofloxacin 


0.8 


0.4 


2 


Gatifloxacin 


0.4 


0.2 


2 


Moxifloxacin 


0.2 


0.2 


0 



• The more the lowering of MIC , the higher the efflux of antibiotic in S. aureus 
1199B 



Table 2. Evidence of presence of resistance mechanism other than efflux in S. aureus 
1199B ( Nor A + ) 



Antibiotics 


MIC (mcg/ml) 


X times 
Higher MICs 
Of 
(N) 

compared to 
(L) 


S. aureus 
1199 
NorA- 

(L) 


S. aureus 

1199B 
(NorA +) 

(M) 


S.aureus 1199B 

( Nor A +) 
+ 

Reserpine 
(20 mcg/ml) 
(N) 


Norfloxacin 


3.12 


12.5 


3.12 


0 


Gemifloxacin 


0.05 


0.2 


0.05 


0 


Ciprofloxacin 


0.4 


6.25 


0.8 


2 


Sitafloxacin 


0.025 


0.4 


0.05 


2 


Levofloxacin 


0.2 


0.8 


0.4 


2 


Gatifloxacin 


0.1 


0.4 


0.2 


2 


Clinafloxacin 


0.0125 


0.2 


0.05 


4 


Moxifloxacin 


0.05 


0.2 


0.2 


4 



• MICs of antibiotics in presence of reserpine for S.aureus 1 199B ( NorA + ) not 
matching with those of sensitive S. aureus 1 199 ( Nor A" ) is indicative of other 
underlying resistance mechanisms of action in S. aureus 1 1 99 (NorA") Strain. 
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Comparison of High-Field NMR, Circular Dichroism, and Gel Electrophoresis 
for Assessing Binding of Antibacterial Agents and Topoisomerase Inhibitors to 



K.M. MAKIN, A.F. RUSSELL, T.L TWINEM, C.E. CATRENICH, B. LEDOUSSAL, T.W. MORRIS 
Procter & Gamble Pharmaceuticals, Mason, OH 



Background: As part of an antibacterial drug discovery program to identify inhibitors of Type II 
bacterial topoisomerases (e.g. DNA gyrase), we sought practical methods for measuring binding of 
potential DNA topoisomerase inhibitors to double-stranded DNA. To assist rapid exclusion of 
topoisomerase inhibitors that act via nonselective binding to DNA substrates, we compared 3 
experimental approaches for characterizing the binding of small molecule ligands to DNA. Methods: 
High-field solution NMR (based on linewidth broadening of aromatic protons from test ligands), circular 
dichroism (CD; based on DNA conformation shifts), and agarose gel electrophoresis (based on DNA 
mobility shifts) methods were compared against a common set of DNA binding ligands and DNA 
topoisomerase inhibitors. NMR experiments assessed binding to sonicated calf-thymus DNA, while 
CD and gel electrophoresis experiments assessed binding to supercoiled pBR322 bacterial plasmid 
DNA. Results: When challenged by known DNA binders (e.g. ethidium bromide, aminoacridine) and 
benchmark topoisomerase inhibitors (e.g. ciprofloxacin, novobiocin), the gel electrophoresis method 
gave inconsistent, non-quantitative gel shift profiles. The CD method was more predictive but was also 
labor-intensive and highly susceptible to minor method variations. The NMR method was clearly the 
most predictive, quantitative, and robust technique. Conclusions: The NMR method provides reliable 
and quantitative rank ordering of strong DNA binders (e.g. ethidium bromide), moderate binders (e.g. 
chloroquine), and weak DNA binders (e.g. ciprofloxacin). These data can be used to guide the rational 
design and optimization of antibacterials that selectively target Type II bacterial topoisomerases. 



DNA. 



1: J Toxicol Environ Health. 1996 Feb 9;47(2): 1 15-23. 



Effects of new quinolone antibacterial agents on mammalian chromosomes. 
Shimada H, Itoh S. 

Developmental Research Laboratory, Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan, 

The clastogenic effects of several new quinolones (ciprofloxacin, enoxacin, levofloxacin, nalidixic 
acid, ofloxacin, pipemidic acid, and Nl-cyclopropyl quinolones for drug candidate) were studied 
cytogenetically using Chinese hamster lung cells (CHL) and the mouse micronucleus test. Some Nl 
cyclopropyl quinolones strongly induced chromosomal aberration on CHL cells, and some, but not 
all, were also capable of inducing micronuclei in mouse bone marrow cells. Levofloxacin showed 
weak clastogenicity in CHL cells but did not induce either micronuclei in mouse bone marrow or 
unscheduled DNA synthesis (UDS) in rat hepatocytes when administered to intact live animals. The 
lack of concordance between in vitro and in vivo assays could reflect the differences in the tissue 
levels of the drugs and the in vitro conditions. 



PMID: 8598568 [PubMed - indexed for MEDLINE] 



1: Toxicol Lett. 1999 Jan ll;104(l-2):43-8. 



Chromosomal aberrations in human lymphocytes exposed in vitro to enrofloxaci 
and ciprofloxacin. 

Gorla N, Garcia Ovando H, Larripa L 

Facultad de Agronomia y Veterinaria, UNRC, Rio Cuarto, Argentina. 

Chromosomal aberrations were evaluated in cultures of human peripheral lymphocytes from eight 
healthy donors, exposed to the antimicrobial enrofloxacin (EFX) or to its major metabolite 
ciprofloxacin (CFX). In both treatments cultures revealed an increase in the chromosomal aberratio 
level, detected as chromatid and chromosome breaks and gaps. Control cultures analysis revealed 3, 
+/- 0.6 chromosomal aberrations per 100 cells while treated cultures exhibited 8.3 +/- 0.8 and 9.6 +/ 
1.2 aberrations at 5 and 50 microg/ml of EFX respectively. In CFX treated cultures it was found 5.6 
+/- 1.3 and 7.7 +/- 3.5 aberrations/ 100 cells at 5 and 25 microg/ml antimicrobial concentration. The 
results suggested a genotoxic effect of EFX and CFX in the system used (P < 0.001). A reduction in 
the mitotic index and fuzzy metaphases were observed at 50 microg/ml of CFX, indicating a 
cytotoxic effect produced by this antimicrobial. 

PMID: 10048748 [PubMed - indexed for MEDLINE] 



